The MBT-CBT proxy for the reconstruction of paleotemperatures and past soil pH is based on the distribution of branched glycerol dialkyl glycerol tetraether (brGDGT) membrane lipids. The Methylation of Branched Tetraether (MBT) and the Cyclisation of Branched Tetraether (CBT) indices were developed to quantify these distributions, and significant empirical relations between these indices and annual mean air temperature (MAT) and/or soil pH were found in a large data set of soils. In this study, we extended this soil dataset to 278 globally distributed surface soils. Of these soils, 26% contains all nine brGDGTs, while in 63% of the soils the seven most common brGDGTs were detected, and the latter were selected for calibration purposes. This resulted in new transfer functions for the reconstruction of pH based on the CBT index: pH = 7.90-1.97 Â CBT (r 2 = 0.70; RMSE = 0.8; n = 176), as well as for MAT based on the CBT index and methylation index based on the seven most abundant GDGTs (defined as MBT 0 ): MAT = 0.81-5.67 Â CBT + 31.0 Â MBT 0 (r 2 = 0.59; RMSE = 5.0°C; n = 176). The new transfer function for MAT has a substantially lower correlation coefficient than the original equation (r 2 = 0.77). To investigate possible improvement of the correlation, we used our extended global surface soil dataset to statistically derive the indices that best describe the relations of brGDGT composition with MAT and soil pH. These new indices, however, resulted in only a relatively minor increase in correlation coefficients, while they cannot be explained straightforwardly by physiological mechanisms. The large scatter in the calibration cannot be fully explained by local factors or by seasonality, but MAT for soils from arid regions are generally substantially (up to 20°C) underestimated, suggesting that absolute brGDGT-based temperature records for these areas should be interpreted with caution.
INTRODUCTION
The reconstruction of paleotemperatures provides a valuable contribution to our understanding of the climatic changes in the past. The number of proxies that can estimate past continental air temperatures is, however, relatively limited. A large part of the continental temperature records is retrieved from lake sediments, where climate indicators like pollen, chironomids, or diatoms may be preserved (e.g. Colinvaux et al., 1996; Lotter et al., 1997; Kurek et al., 2009 ). However, many of the available proxies are also sensitive to changes in other environmental parameters besides temperature, which can obscure the temperature signal. Furthermore, not all lakes have archived paleoclimatic changes in their sediments, leaving large areas of land without paleotemperature records.
The distribution of a particular suite of molecules globally occurring in soils, i.e. branched glycerol dialkyl glycerol tetraethers (brGDGTs; Fig. 1 ), may be useful as a tool to obtain high resolution continental temperature reconstructions (Weijers et al., 2007a) . These brGDGTs vary in the amount of methyl branches (4-6) and can contain up to two cyclopentane moieties (Sinninghe Damsté et al., 2000; Weijers et al., 2006) . The stereochemistry of their glycerol moieties indicates that they have a bacterial origin (Weijers et al., 2006) . The exact type of bacteria that synthesize brGDGTs is not completely understood, but brGDGT-Ia ( Fig. 1) was recently identified in two species of Acidobacteria (Sinninghe ).
An empirical study of 134 soils from over 90 locations worldwide showed that the distribution of the different brGDGTs varies with annual mean air temperature (MAT) and soil pH; the number of cyclopentane moieties is related to soil pH, whereas the number of methyl branches is related to MAT and, to a lesser extent, also to soil pH (Weijers et al., 2007a) . To quantify those changes, the Cyclisation of Branched Tetraethers (CBT) and Methylation of Branched Tetraethers (MBT) indices were developed, and defined as:
Roman numerals in the equations refer to the relative abundance of the molecules in Fig. 1 . Based on the brGDGT distributions in a globally distributed soil calibration dataset, an equation to express CBT as function of soil pH was derived: The root mean square error (RMSE) for soil pH and MAT estimates is 0.7 and 4.8°C, respectively. These relatively large errors indicate that the absolute values that are reconstructed with these proxies must be interpreted with caution.
While based and calibrated on soils, the MBT-CBT paleotemperature proxy (i.e. Eq. (5)) has so far mostly been applied on coastal marine sediment cores, where brGDGTs are likely deposited as part of river transported soil organic matter (Hopmans et al., 2004; Huguet et al., 2007; Walsh et al., 2008) . Hence, down-core analysis of brGDGT distributions in river fan sediments results in an integrated climate record of the river basin. In this way, paleoclimate reconstructions have been made for e.g. tropical central Africa (Weijers et al., 2007b) , the Lomonosov Ridge in the Arctic (Weijers et al., 2007c) , Greenland , the land surrounding the Skagerrak (Rueda et al., 2009) , and the Amazon basin (Bendle et al., 2010) . The MBT-CBT proxy has also been applied in the terrestrial realm itself. Analysis of brGDGTs in a Pliocene peat deposit in the Canadian Arctic provided insight in Arctic air temperatures during this time (Ballantyne et al., 2010) , whereas brGDGTs in a loess-paleosol sequence from the Chinese loess plateau revealed the timing and magnitude of deglacial atmospheric warming in East Asia . Application of this proxy to lake sediments, however, showed that the distribution of brGDGTs in the sediments of Lake Challa in equatorial West Africa, and Lake Towuti in Indonesia differs from that in the surrounding soils (Sinninghe Damsté et al., 2009; Tierney and Russell, 2009 ). Therefore, in situ production was suggested as a source of brGDGTs, in addition to those derived from erosion of soils in the lake catchment. The mixed provenance of brGDGTs in lakes complicates the application of the MBT-CBT proxy in these settings, and tends to result in a large underestimation of MAT (Blaga et al., 2010; Tierney et al., 2010a Tierney et al., , 2012 Zink et al., 2010; Sun et al., 2011; Pearson et al., 2011) . The MBT-CBT proxy has therefore been statistically assessed on local (e.g. tropical East Africa, Tierney et al., 2010a) as well as global scale (Sun et al., 2011; Pearson et al., 2011) to derive brGDGTbased temperature proxies that are applicable in lakes. This resulted in improved correlations for lacustrine brGDGTs and temperature, and suggests that a statistical approach may also be a promising method to improve the MBT-CBT proxy for application in soils, peats, or coastal marine sediments.
In soils, the uncertainty in the calibration may be a product of temperature differences between air used in the calibration, and soil, where the brGDGT producing bacteria live (Weijers et al., 2007a; Peterse et al., 2009c) . Furthermore, differences in vegetation cover, or a seasonal bias may be introduced to the temperature signal on locations where brGDGT producing bacteria likely have a preferential growing season (e.g. Weijers et al., 2007c) .
In this study we tried to improve the accuracy of the proxy by extending the original soil data set of Weijers et al. (2007a) by adding 126 new surface soils from globally distributed locations, and combining that with previously reported brGDGT distributions in 65 soils from China (Peterse et al., 2009b) , the Amazon (Peru, Ecuador, Brazil, Colombia; Bendle et al., 2010) , and Svalbard (Peterse et al., 2009a) . Besides recalibrating the empirical MBT-CBT proxy based on the extended dataset, we also used a statistical approach to derive other combinations of brGDGTs that may improve their relation with temperature and soil pH. Finally, the new calibration function was tested by applying it on previously published MBT-CBT-derived MAT records.
MATERIALS AND METHODS

Soil dataset compilation
Of the initial global soil calibration set published by Weijers et al. (2007a) , only the surface soils (0-10 cm) were selected for the new calibration set. This set was extended with newly analyzed surface soils from North-America, France, Chile, The Netherlands, Egypt and Uganda. Previously reported brGDGT distributions in soils from the Amazon (Peru, Ecuador, Brazil, Colombia; Bendle et al., 2010) , Svalbard (Peterse et al., 2009a) and China (Peterse et al., 2009b) were added to complete the data set. The final soil collection is composed of 278 globally distributed surface soils ( Fig. 2; Supplementary Table 1 ).
Branched GDGT analysis
The surface soils were freeze dried, powdered, and extracted (3Â) with a mixture of dichloromethane (DCM):methanol (MeOH) 9:1 (v/v), using a DIONEX accelerated solvent extractor (ASE 200) at 100°C and a pressure of 7.6 Â 10 6 Pa for 5 min. The extracts were dried under near vacuum using a rotary evaporator, then dissolved in DCM and passed over a Na 2 SO 4 column to remove any remaining water. Separation of the extracts in an apolar and a polar fraction was done by passing them over an activated Al 2 O 3 column using hexane:DCM 9:1 (v/v) and DCM:MeOH 1:1 (v/v), respectively. The polar fraction, containing the brGDGTs, was dried under N 2 , dissolved in hexane:isopropanol 99:1 (v/v), and filtered through a 0.45 lm PTFE filter. The polar fractions were concentrated to about 3 mg/ml prior to analysis by high performance liquid chromatography/atmospheric pressure chemical ionization-mass spectrometry (HPLC/APCI-MS) on an Agilent 1100 series LC/MSD SL according to Schouten et al. (2007) . Separation of the branched GDGTs was achieved on an Alltech Prevail Cyano column (150 mm Â 2.1 mm; 3 lm) as described by Schouten et al. (2007) , with minor modifications. In short, the compounds were eluted isocratically with 90% A and 10% B for 5 min at a flow rate of 0.2 ml/min, and then with a linear gradient to 16% B for 34 min, where A = hexane and B = hexane:isopropanol 9:1 (v/v). The injection volume was 10 ll per sample. Selective ion monitoring of the [M+H] + of the different branched GDGTs was used to detect and quantify them. Fig. 2 . Global overview map of the locations of surface soils used in this study. Open circles are soils included in the new calibration set (n = 176). The filled circles indicate soils that are excluded from the calibration set (n = 102) because one or more of the branched GDGTs are below detection limit.
Statistical analyses
Comparison of the relationships of brGDGT distributions with MAT and pH in subsets of, as well as in the complete dataset (n = 278) was done using a homogeneity of slopes test, followed by an analysis of covariance (ANCO-VA) to compare slope and intercept, respectively. Significant differences between datasets are characterized by a Pearson's coefficient (p-value) < 0.05.
Principal component analysis (PCA) was performed on the relative abundances of the brGDGTs in the set of surface soils selected for the recalibration study, to provide a general view of the variability within the distribution of the brGDGTs. A second PCA biplot was generated for the environmental variables MAT, pH and MAP, as well as the MBT and CBT indices based on the same dataset.
A selection of 176 surface soils was used to derive new indices to describe the relations of brGDGT distributions with MAT and with soil pH with linear regression analysis, following the approach used for the TEX 86 calibration by Kim et al. (2010a) . In short, for each relation, the top hundred indices with the highest correlation coefficient were obtained according to the following format:
In this index, X refers to the relative abundance of one of the brGDGTs in a soil. The exact type of the brGDGT is represented by k 1 and k 2 , the summation of which describes the numerator and the denominator, respectively. For each MAT and pH, the index with the highest correlation coefficient was selected for further testing. The obtained indices are expressed as a LOG-ratio to obtain a symmetrical distribution of the data points, which makes it easier to see the effect of increasing or decreasing index values (e.g. Montgomery and Peck, 1992) .
Another set of equations to predict pH and MAT based on the distribution of brGDGTs was derived using least squares multiple linear regression analysis. This method assigns weighing factors to the fractional abundance of the individual branched GDGTs to obtain the equations with the highest coefficient of determination.
To assess the benefit of local calibrations of the MBT-CBT proxy, the spatial autocorrelation of brGDGT-based MAT and pH estimates in our set of surface soils was evaluated by performing a Moran's I test.
Redundancy analysis (RDA) was used to further assess the relationships of brGDGT distributions with the environmental parameters for which data was available. RDA is a form of constrained PCA, or a multivariate analogue of regression, and can be used to directly link components (in this case brGDGTs) with one or more explanatory variables (in this case MAT, pH and MAP). Subsequently, a series of partial RDAs were performed to constrain the unique and independent influence of each environmental parameter alone, as well as compared to all other parameters. The significance of the explanatory variances within a 1% confidence interval was tested with a permutation test.
All statistical analyses were performed with the R package, except for the multiple linear regression analysis, homogeneity of slopes test, and ANCOVA, which were performed using SYSTAT 12 and 13.
RESULTS AND DISCUSSION
BrGDGT distribution in surface soils
In this study we analyzed 126 surface soils and combined this with previously published data from 152 surface soils (see Section 2.1). In contrast to the original soil calibration dataset of Weijers et al. (2007a) , where a number of deeper soil horizons was included in the dataset, we have restricted our dataset to surface soils only, as these likely experience the most direct influence of MAT. Furthermore, brGDGTs in coastal marine sediments, where the MBT-CBT proxy is frequently applied, are likely mainly derived from eroded surface soils on nearby land.
BrGDGTs were detected in all 278 surface soils, although not every soil contains the complete suite of brGDGTs, i.e. only 74 (26%) of the soils contain detectable amounts of all nine brGDGTs (Supplementary Table 1 ). In particular, brGDGTs-IIIb and IIIc ( Fig. 1 ) are frequently below detection limit and, if present, do not comprise more than 1% of total brGDGTs on average. The most dominant brGDGTs are Ia, IIa and IIIa, while brGDGTs with cyclopentane moieties are generally present in lower amounts.
For the assessment of the relationship between environmental parameters and GDGT distributions it would be preferable to use only those soils that contain all nine brGDGTs. However, because this data set comprises only 74 soils, we excluded brGDGT-IIIb and IIIc from further analysis, since IIIb and IIIc are generally below the detection limit and, if detected, occur only in low abundance. The effect of excluding brGDGT-IIIb and IIIc on the relationships of MBT with MAT was tested on the original calibration dataset of Weijers et al. (2007a) . Although the correlation coefficient for the MBT-MAT relation decreased from r 2 = 0.67 (n = 134, p < 0.0001) to r 2 = 0.57 (n = 102, p < 0.0001), the RMSE is only slightly smaller for the dataset based on 7 brGDGTs (5.2°C vs. 5.1°C), and the two relationships do not significantly differ in slope (homogeneity of slopes test: df = 1,232, F = 0.174, p = 0.677) or intercept (ANCOVA: df = 1,233, F = 0.001, p = 0.971), indicating no direct disadvantage of the removal of the two brGDGTs. The CBT index does not comprise brGDGT-IIIb and IIIc and is, therefore, not affected by their exclusion.
Projecting these results on the new dataset, this leaves 176 (or 63%) of the surface soils that contain quantifiable amounts of the seven remaining brGDGTs for the calibration (filled circles, Fig. 2 ). We tried to extend this dataset by excluding even more brGDGTs (e.g. IIc and Ic), but the balance between excluding as many minor brGDGTs as possible without losing too much information was found at the exclusion of only brGDGTs-IIIb and IIIc. This selection should not have major implications for general paleorecord applications of the proxy.
To examine the relationships of the relative abundances of the seven different brGDGT types with environmental parameters, we plotted their individual abundances (as a percentage of total brGDGTs) versus MAT and pH, respectively (Figs. 3 and 4) . BrGDGTs without cyclopentane moieties show the strongest linear relationship with MAT. BrGDGT-IIa and IIIa negatively relate with MAT, while brGDGT-Ia shows a positive relation. This confirms that the number of methyl branches attached to the tetraether backbone of the brGDGTs decreases with increasing MAT (Weijers et al., 2007a; Peterse et al., 2009c) . The other brGDGTs show mainly scatter or a weak relation with MAT (e.g. brGDGT-Ic, Fig. 3c ).
The individual relations of the seven brGDGTs with pH are generally stronger than those with MAT (Fig. 4) . Most of the brGDGTs with cyclopentane moieties show a positive exponential relation with pH, whereas brGDGT-Ia is the only GDGT that is negatively related with pH, and brGDGTs-Ic and IIa show no significant relation. As pH is a logarithmic function of the proton concentration in a soil, the exponential nature of the GDGT-pH relations supports the idea that soil pH influences the degree of cyclisation of brGDGTs (cf. Weijers et al., 2007a; Peterse et al., 2010) . The relatively strong relation between brGDGT-Ia and pH indicates that also the degree of methylation is, to some extent, dependent on pH (cf. Weijers et al., 2007a) .
Principal component analysis (PCA) on the relative abundances of the brGDGTs in these surface soils shows that the first two axes explain a cumulative of 82% of the variance in the data (Fig. 5) . On the first principal component, explaining 49% of the variance, the score of GDGT-Ia is opposite to that of all other brGDGTs, especially GDGTs-IIb and IIc. BrGDGTs-Ic and Ib stand out on the positive side of the second factor (explaining 33% of the variance), against brGDGTs-IIa and IIIa, which have the highest negative scores on this factor.
Recalibration of the MBT-CBT proxy
Based on the relative abundance of the brGDGTs in the surface soils in the new dataset, we recalibrated the MBT and CBT indices. Before the calibration exercise, the MBT index was redefined as follows, since brGDGTs-IIIb and IIIc were excluded in the new surface soil dataset:
Correlation of the MBT 0 and CBT indices with MAT and soil pH resulted in the following equations ( Thus, replacing pH by the CBT index and again performing linear regression analysis (cf. Weijers et al., 2007a) , results in an equation that enables the estimation of MAT based on the CBT and MBT 0 indices (Eqs.
(1) and (7); Fig. 6c ), i.e. the distribution of branched GDGTs:
The correlation coefficients of these new transfer functions are considerably lower than those of the original equations, i.e. Eqs. (3)- (5) (Weijers et al., 2007a) , and the new MBT 0 -CBT calibration shows a relatively larger amount of scatter (Fig. 6c) . Part of this scatter may be caused by the relatively large amount of soils from temperate regions that were added to the calibration set (Fig. 2,  Supplementary Table 1) . These samples show a large variation in MAT, pH and MAP, and generally plot right in mid-temperature region where the largest scatter in the original MBT-MAT plot of Weijers et al. (2007a) was already observed. We examined possible outliers by calculating standardized residuals for the MBT 0 -MAT and CBT-pH relationships. However, despite the increased scatter, the standardized residuals are generally between 2 and À2, indicating no outliers, and that the relationships are captured well by the empirically derived transfer functions (Fig. 6 ).
Statistical reevaluation of the relations between brGDGT distributions with MAT and soil pH
The original MBT and CBT indices were defined by empirically linking environmental controls with a presumed physiological mechanism of membrane adaptation by the soil bacteria producing the brGDGTs, i.e. an increase in the number of methyl branches with decreasing MATs, and the formation of additional cyclopentane moieties with increasing soil pH (Weijers et al., 2007a ). An objective statistical approach for determining the best indices to describe the relations between brGDGTs, MAT and pH has so far been lacking. To examine this, we used linear regression analysis to compute the best combinations to describe MAT and pH based on the relative abundance of the previously selected seven brGDGTs in the extended global surface soil calibration set. The following index gave the best relation with MAT:
For soil pH, the following index and equation were obtained:
Strikingly, index-1 is much simplified over the MBT 0 index, while index-2 uses more individual brGDGTs compared to the CBT index. Although the determination coefficients for these new indices are slightly higher compared to the MBT 0 and CBT index, the accuracy of the MAT and pH estimates is only marginally improved. Furthermore, both indices heavily rely on the relative abundance of brGDGT-Ic, which often comprises less than 2% of the total amount of brGDGTs, with maxima of 6% in a few soils from the humid tropics ( Fig. 3c; Supplementary  Table 1 ). The strong dependence on brGDGT-Ic, which is a minor brGDGT, would seriously limit the applicability of the indices to areas where brGDGT-Ic is above detection limit as well as quantification limit. Finally, the mathematics of these new indices are not directly in line with the presumed mechanism of cell membrane adaptation, i.e. variation in the degree of methylation and cyclisation of the membrane to adjust its fluidity and permeability.
Another method that can potentially improve the empirical relation between brGDGT distribution and environmental parameters is least squares multiple linear regression analysis. A recent application of this method on brGDGT distributions in East African lakes showed that the accuracy of MAT estimates improved considerably relative to those derived with the original MBT-CBT proxy (Tierney et al., 2010a) . The method assigns weighing factors to the fractional abundance of the individual brGDGTs to obtain the equation with the highest coefficient of determination for the estimation of MAT or pH. Application to our dataset resulted in the following equations: Again, the determination coefficients show only marginal improvements on the revised MBT 0 and CBT relations. A similar observation is made when only the three The surprisingly poor relation of MAT using only the acyclic (i.e. type-a) brGDGTs shows that it is necessary to include cyclic compounds in the calibration in order to obtain a good fit with MAT, in contrast to those for lakes.
Thus, weighted calibrations, irrespective of the brGDGTs used, do not result in substantial improved relations. Therefore, we propose to use the MBT 0 and CBT indices with their revised calibrations as proxies for paleotemperature and past soil pH.
Accuracy of MAT and pH estimates
The 3D calibration plot of the MBT 0 -CBT proxy has a considerable amount of scatter (Fig. 6c) . The potential sources of this scatter, and possible solutions will be discussed below.
Soil temperature, vegetation, and seasonality
The scatter in the original calibration plot of Weijers et al. (2007a) was ascribed to the use of air temperature instead of in situ soil temperature, as well as to the heterogeneity of soils. Although 90% of the variation in soil temperature at 10 cm depth is generally explained by air temperature (Bartlett et al., 2006) , the annual mean (1) and (7), respectively, on the new global surface soil calibration set, and (c) 3D regression plot for the MBT 0 -CBT calibration on MAT (Eq. (12)). The different datasets of which the new calibration set is composed are distinguished by color or symbol. temperature in a soil does not automatically resemble MAT at the same location, but also captures variations in e.g. incoming radiation (depending on vegetation type and seasonality), the heat capacity (depending on soil texture), or water content (depending on precipitation and evapotranspiration) of the soil (Smerdon et al., 2004) . The importance of each of these additional factors, or combinations thereof, varies with latitude, although this does not lead to a systematic offset between air and soil temperature (Smerdon et al., 2004) . Air and soil temperatures may be off by a few degrees when comparing them at a seasonal or annual interval, but this difference is reduced to only tenths of degrees on a centennial scale (Smerdon et al., 2006) . Given the turnover time of the total brGDGT pool in a soil is with about 18 years relatively slow, it is likely that a decadal soil-air temperature offset in the order of about one degree may be responsible for some part of the scatter in the calibration. In a recent study, Weijers et al. (2011) indeed show that at 3 out of 4 locations for which both soil and air temperature data were available, brGDGT-reconstructed temperatures are closer to annual mean soil temperatures than to MAT, although the observed difference was mostly within the calibration error of the proxy. The same study also suggests a possible influence of vegetation cover on the distribution of brGDGTs. At two locations (in Ohio and Minnesota), the brGDGTs in three soils from the same site, but under different vegetation have a different distribution, and thus reconstructed MAT. When using air temperature for calibration purposes, these three soils would all be coupled to the same MAT, which would unavoidably introduce scatter to the calibration. Thus, it seems that the use of in situ soil temperature instead of MAT may help to reduce the scatter and improve the accuracy of the proxy. Unfortunately, the soil temperature data that would be needed to reduce this part of the scatter in the MBT 0 -CBT proxy calibration are currently not available for all individual locations on the appropriate time scale, i.e. annual mean temperatures over several decades, as they are for e.g. marine or lake temperatures. Thus, until this data becomes available we use the mean annual air temperature from nearby weather stations, which do have substantial spatial and temporal coverage.
Seasonality has also been put forward to explain part of the scatter (e.g. Weijers et al., 2007a; Rueda et al., 2009; Peterse et al., 2011) . However, Weijers et al. (2007a) did not find better relations between seasonal temperatures and the MBT index than with MAT. Furthermore, no apparent seasonal pattern in the distribution of brGDGTs was found in mid-latitude soils . Hence, the remaining scatter is unlikely to be fully explained by seasonality.
Local proxy calibrations
The use of a local rather than the global calibration has also been suggested as a possibility to improve the accuracy of brGDGT-derived temperature estimates (e.g. Sinninghe Peterse et al., 2009c; Bendle et al., 2010) . We, therefore, performed a Moran's I test on the new surface soil calibration set. A Moran's I test analyzes the degree of dependence in a geographical space, and thus indicates whether two soils that are located in close vicinity have a similar offset between estimated and measured MAT. Hence, application of local calibrations would become beneficial when soils from one geographical location all have the same temperature deviation. The spatial correlation in a dataset is indicated by a linearly increase in Moran's I. However, the test results for both MAT and pH show no indication of such trend (Fig. 7a and b, respectively) , which implies that a local calibration will not likely lead to substantially improved accuracy. Plotting residual temperatures (i.e. the difference between measured and reconstructed MAT) for each soil in the calibration set on a global map further illustrates the absence of a systematic local offset, as there are no specific clusters with large residuals in certain regions (Fig 7c) .
Influence of precipitation on brGDGT distributions
Next to MAT and soil pH, also soil moisture, or precipitation, seems to have an effect on brGDGT distributions (Weijers et al., 2007a) . The relative abundance of some of the brGDGTs indeed relates with mean annual precipitation (MAP; Fig. 8 (Fig. 9a) . The MBT 0 index also plots in this quadrant, which confirms that the degree of methylation is mainly controlled by both MAP and MAT. Likewise, the opposite directions of the vectors representing soil pH and the CBT index represents the negative relation of soil pH and the degree of cyclisation of brGDGTs.
In another attempt to detangle the influence of temperature and precipitation on brGDGT distributions among the soils in the calibration set, we performed redundancy analysis (RDA) and variance partitioning on the relative abundances of the brGDGTs. The first three axes of the RDA together explain 53% of the variance. The first axis (Fig. 9b) explains 37.4% of the variance, and mainly reflects the variation in soil pH, with high pH soils plotting in the left part of the triplot, whereas soils with a lower pH plot more towards the right. The gradient of warm and wet soils in the lower part of the triplot, towards cold and dry soils in the upper part of the plot is captured by the second axis, and explains 15.2% of the variance. The partitioning analyses show that MAT, pH, and MAP all have a significant independent effect on the distribution of brGDGTs among the soils in our calibration set (Table 1) . Soil pH is with 33.0% clearly the largest contributor to the explained variance. The explained variance remains relatively high when also taking the other environmental controls in account (i.e. 25.5%; Table 1 ), indicating that most of the explained variance can indeed be linked to changes in soil pH and is not related to co-varying changes in MAT or MAP. MAT and MAP, on the other hand, contribute to a smaller, but relatively equal amount of the explained variance. However, the unique contribution of MAT (9.4%) is higher than that of MAP (1.5%), which suggests that MAT has a slightly stronger control on the distribution of brGDGTs in this calibration set than MAP. The RDA results reflect the same ranking of the environmental parameters as controls on the relative abundance of the individual brGDGTs as was derived from Figs. 3, 4 and 8, i.e. pH > MAT > MAP. Nevertheless, the consequences of a possible significant impact of MAP on the distribution of brGDGTs, and thus on the MBT 0 and CBT indices, may potentially be of most concern in areas where MAP and MAT are not positively related, i.e. in cold and wet, or in warm and dry areas.
This potential influence becomes visible when we plot MBT 0 -CBT-derived MATs using the revised soil calibration (Eq. (12)) versus measured MAT for the full (278) surface soil data set of this study (Fig. 10a) , thereby assuming a 0% abundance for the brGDGTs which were below detection limit. The MAT scatter plot shows one cluster of soils for which the reconstructed MAT strongly underestimates actual MAT by up to 20°C (Fig. 10a) . The addition of precipitation data to this plot shows that this cluster mainly comprises alkaline soils from arid regions (MAP 6 500 mm; Fig. 10b ) that are generally low in organic matter. This suggests that in these soil types, temperature is apparently no longer an important control on the distribution of brGDGTs. However, excluding all arid soils from the calibration dataset did not improve the relationship with MAT (r 2 = 0.44; n = 154). Although it is not possible to define an exact precipitation threshold or soil type for which the MBT 0 -CBT proxy should not be utilized, we suggest that MAT reconstructions for arid regions should be interpreted with care.
In summary, several factors may contribute to the scatter in the calibration between brGDGT distributions with MAT and pH. However, the relatively large uncertainty in absolute temperature estimates is likely to be mainly systematic. Hence, application of the proxy on a local scale, e.g. down core, results in temperature estimates with the same systematic error. As a consequence, the uncertainty on the trends in these paleotemperature records is likely to be much smaller compared to the uncertainties in absolute temperature estimates between different records (e.g., Tierney et al., 2010b; Peterse et al., 2011) .
IMPLICATIONS FOR PALEOCLIMATE RECONSTRUCTION
To test the impact of the revised MBT 0 -CBT calibration on paleotemperature reconstructions, we derived new temperature records for the atmospheric warming in tropical Africa (Weijers et al., 2007b) and southeast Asia over the last deglaciation, the onset of longterm cooling near the Eocene-Oligocene (E-O) boundary ( Schouten et al., 2008) , and the period of extreme warmth during the PETM (Weijers et al., 2007c) , and compared them with the records based on the original MBT-CBT calibration.
Deglacial atmospheric warming of tropical Africa
Application of the original MBT-CBT calibration in a sediment core recovered close to the Congo River outflow suggested that MATs increased with $0.7°C/kyr from 20 to 21°C during the Last Glacial Maximum (LGM) to a maximum of 25°C in the first half of the Holocene (Fig. 11a, filled circles; Weijers et al., 2007b) . The 24.5°C that was reconstructed from the core-top sediment was similar to the present day MAT of the Congo River Basin (23.7°C; Weijers et al., 2007b) . Application of the newly calibrated MBT 0 -CBT shows the same temperature trends as the original MBT-CBT record (Fig. 11a, open circles) , although absolute MAT estimates are lower, and now suggest MATs of 17.5°C during the LGM, increasing to 20.5°C during the Holocene. The brGDGT distribution in the surface sediment now suggests an air temperature of 20.5°C, which is somewhat lower than the measured modern air temperature, although still well within the calibration error of the proxy. The LGM-Holocene temperature difference of $3°C is on the lower hand of the range indicated by other proxy records based on e.g. pollen assemblages (e.g. Bonnefille et al., 1990) and TEX 86 -derived lake surface temperature (Powers et al., 2005) , that Weijers et al. (2007b) compared their data with. Weijers et al. (2007b) also used the CBT-derived pH record to reconstruct humidity changes in central Africa. The pH record based on the newly calibrated CBT index is almost identical to the original pH record, both in trend as in absolute values (Fig. 11b) .
Deglacial atmospheric warming of East Asia
A continuous air temperature record for East Asia covering the last 34 kyr was derived from brGDGT distributions in a loess-paleosol sequence from the Mangshan loess plateau in China (Fig. 11c , filled circles; Peterse et al., 2011) . The original record suggested a large increase in air temperature over the deglaciation with temperature estimates increasing from $17°C during the last glacial period to a maximum of $27°C during the Holocene climatic optimum. This temperature record is considered to be biased towards the summer, as the brGDGTs in the surface loess layer reflected average present day air temperatures of the monsoon and summer season ($24°C). The air temperatures that are derived with the new MBT 0 -CBT calibration are lower than the original record, and now suggest air temperatures of $15°C for the LGM, increasing towards 21°C in the Holocene (Fig. 11c, open circles) . A deglacial warming of 6-7°C, as indicated by the new record, falls in the temperature range based on the pollen and phytolithderived reconstructions for this region as cited by Peterse et al. (2011) . The temperature estimate of the surface layer, $19°C, suggests that the record is perhaps less biased towards summer temperatures, although it is still well above the present day MAT in this area of 13°C. Irrespective of the lower absolute MAT estimates, which fall within the error of the proxies, the timing of the onset of deglacial atmospheric warming, and consequently the main conclusions of the original study, remain unaffected.
Oligocene-Eocene cooling of Greenland landmass
The climatic transition from a 'greenhouse' world to an 'icehouse' world took place around the E-O boundary (33.7 Ma BP), when the East Antarctic Ice Sheet first expanded. BrGDGTs from Greenland landmass, preserved in a marine sediment core from the Greenland Basin (ODP Site 913B), provided insight in the extent of atmospheric cooling in high-latitudes during this period . Application of the original MBT-CBT Table 1 Results of RDA and partial RDAs indicating the total and individual contributions of soil pH, MAT, and MAP to the explained variance in brGDGT distribution among the soils in the calibration set. All components of variance are significant (p < 0.01). Fig. 10 . MBT 0 -CBT-derived MAT estimates versus measured MAT for (a) the surface soils included in the MBT 0 -CBT global calibration set (filled circles; n = 176) as well as the soils that were excluded from the calibration set for which MAT was estimated by taking 0% for branched GDGTs below the detection limit (open circles; n = 94), and (b) soils for which MAP data were available (n = 234) divided in different precipitation classes. Line indicates 1:1 line where MBT 0 -CBT-derived MAT estimates equals measured MAT.
proxy suggested late Eocene air temperatures of 12-16°C, dropping to 8-10°C during the early Oligocene (Fig. 11d , filled circles), indicating a cooling of $3-5°C of the Greenland landmass. The absolute temperatures derived from the new MBT 0 -CBT calibration are similar to those reconstructed using the original indices, although the extent of the cooling is now smaller, i.e. $2°C (Fig. 11d, open circles) . Application of Eq. (12) results in temperature estimates of 14 ± 1°C for the Eocene, and 12 ± 1°C for the early Oligocene, which fits independent temperature estimates based on pollen assemblages in the same, and nearby-located sediment cores, that indicate air temperatures of 14 ± 3°C, decreasing to 10-11 ± 3°C for the latest Eocene to Oligocene (Eldrett et al., 2009) . Hence, the use of the new calibration does not affect the interpretation of high latitude climate development across the Eocene-Oligocene boundary.
Paleocene-Eocene thermal maximum at the Arctic
BrGDGTs originating from the Lomonosov Ridge, a land bridge in the central Arctic Ocean still elevated above sea level during the PETM, have been analyzed in a sediment core from the Arctic Ocean (IODP Hole 302-4A). The results indicate an atmospheric warming of $8°C during the PETM, above background values of $17°C (Fig. 11e , filled circles; Weijers et al., 2007c) . These temperatures are considered to be relatively high, but were ascribed in part to a summer bias (Weijers et al., 2007c; Eberle et al., 2010) . The new MAT estimates based on the MBT 0 -CBT proxy are 2°C lower ($15°C) for the late Paleocene and 3°C lower ($21°C) for the PETM compared to the original record (Fig. 11e, open circles) . The previously observed trends in the temperature record remain unaffected but the magnitude of the warming decreases from 8 to 6°C. The lower absolute MAT estimates and reduced amplitude of the record strongly resemble the temperature estimates based on leaf margin analyses by Wing et al. (2005) , who reconstructed a MAT of $15°C for the late Paleocene, $20°C during the PETM, and $18°C for the early Eocene in Wyoming, United States. Furthermore, these lower temperatures are more consistent with MAT estimates based on e.g. pollen assemblages and oxygen isotopic compositions of fossil teeth and bones for the early Eocene Canadian Arctic (e.g. Eberle et al., 2010) . This suggests that the use of the newly calibrated (Weijers et al., 2007b) , (c) deglacial atmospheric warming in East Asia , (d) the onset of long-term cooling of Greenland around the Eocene-Oligocene boundary , and (e) the episode of extreme warmth during the PETM for the Arctic (Weijers et al., 2007c) .
MBT
0 -CBT proxy results in improved MAT estimates for this ancient greenhouse period.
CONCLUSIONS
Redefining the MBT index as MBT 0 index by excluding rarely detected and quantifiable brGDGTs and extending the number of soils used for calibration of the MBT 0 -CBT proxy has led to new transfer functions to estimate MAT and soil pH. Attempts to improve the accuracy of the transfer functions with a statistical approach resulted in only marginally better correlation coefficients for the relations with MAT and pH, while their definition relate less well to the presumed physiological processes that are underlying the mechanism of the original MBT-CBT proxy. Thus, we propose to use the recalibrated MBT-CBT indices as originally defined by Weijers et al. (2007a) , although in a slightly modified form (MBT 0 ). Inspection of the large scatter in the MBT 0 -CBT calibration plot (Fig. 6c ) indicated that brGDGT-based temperature estimates for arid soils may be underestimated by as much as 20°C, and care should be taken with the interpretation of absolute temperature for arid regions.
Application of the new MBT 0 -CBT transfer function on previously published paleotemperature records from different locations and geological eras showed that the trends in the temperature reconstructions remain unchanged. The absolute temperature estimates, however, are generally lower, and often better match with temperature estimates for the same region and time interval based on independent proxies.
